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Multi-Messenger Astronomy: Cosmic Rays (CR)
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Multi-Messenger Astronomy: Cosmic Rays (CR)

e High-energy, relativistic sub-atomic
particles or nuclei

e Where do very high energy (TeV - EeV)
CR come from?
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Multi-Messenger Astronomy: Cosmic Rays (CR)
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Multi-Messenger Astronomy: Cosmic Rays (CR)
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Potential High-Energy Cosmic-Ray Sources

% Active Galactic Nuclei (AGN)
> Blazars
> Seyferts
> X-Ray Bright

AGN expelling radiation
from M87*

*Credit: NASA
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Potential High-Energy Cosmic-Ray Sources

% Active Galactic Nuclei (AGN)
> Blazars
> Seyferts
> X-Ray Bright

AGN expelling radiation

\/ " R
R Supernova Remnants (SNRS) & : from M87* SNR (Crab Nebula*)

Supernovae

B *Credit: NASA

Riya Shah iPMU 9 NNN 2026 - Seoul - 10/28/26



Potential High-Energy Cosmic-Ray Sources

% Active Galactic Nuclei (AGN)

> Blazars
> Seyferts
> X-Ray Bright

% Supernova Remnants (SNRs) &
Supernovae

% Gamma-ray Bursts (GRBs)

QQQQQQ

AGN expelling radiation
from M87*

R S

SNR (Crab Nebula®)

B *Credit: NASA
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Potential High-Energy Cosmic-Ray Sources

B *Credit: NASA

% Active Galactic Nuclei (AGN)
> Blazars
> Seyferts
> X-Ray Bright
AGN expelling radiati %
% Supernova Remnants (SNRs) & . exfffm"ﬂfgr? o 2 (Crab Nebula?)
Supernovae
% Gamma-ray Bursts (GRBs)
% Galactic plane (Milky Way)

Artist Rendition, of gamm‘aeray.'

Biireet Milky Way Galaxy
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Why is it difficult to identify CR sources?
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Why is it difficult to identify CR sources?

> High energy cosmic-rays are rare

AGNs, SNRs, GRBs...

> Charged particles are deflected by plak T

magnetic fields

They are charged particles and
are deflected by magnetic fields.

* %
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Why is it difficult to identify CR sources?

> High energy cosmic-rays are rare

AGNs, SNRs, GRBs... *

Gamma rays x‘ei,n -
They point to theirsources, but they

> Charged partiCICS are deﬂected by S e ) canbeabsorbeda;jdarecreatedby

multiple emission r¥echanisms.

magnetic fields

> Photons interact with other photons
and matter

They are charged particles and
are deflected by magnetic fields.

¥

* %
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Why is it difficult to identify CR sources?

> High energy cosmic-rays are rare

AGNSs, SNRs, GRBs... * Y

Gamma rays 4. =

. They point to their;sources, but they

> (Charged particles are deflected by s 5 co b absorbed fd re ety
—

multiple emission echanisms.

magnetic fields

> Photons interact with other photons

Neutrinos
They are weak, neutral

and matter particles that point to their

sources and carry information

from deep within their origins.

> Neutrinos are not deflected and don’t Ty ar hrged paticsand.|
often interact with matter! * )
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Cosmic Neutrino Spectrum

*Not discussed in this talk
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Cosmic Neutrino Spectrum

E¢ [ecm 2 s 1]

*Not discussed in this talk

Vitagliano, Tamborra, Raffelt
Rev. Mod. Phys. 92, 045006

1012_
Cosmic Neutrino
o Background /
10%4 BBN neutrinos*
1041
”
1009+ \
|
10-4_ \- .
~ | !
10'8 0" \ "
\.
10-12- “
10°164 A
10-20 . : . : . . . .
106 103 100 103 106 109 1012 1015 1018

Energy [eV]

KKKKK

17 NNN 2026 - Seoul - 10/28/26



Cosmic Neutrino Spectrum

*Not discussed in this talk

Vitagliano, Tamborra, Raffelt

Rev. Mod. Phys. 92, 045006
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Cosmic Neutrino Spectrum

FE¢ [cm2s1]

*Not discussed in this talk
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Cosmic Neutrino Spectrum

E¢ [cm 2 s 1]

*Not discussed in this talk
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Cosmic Neutrino Spectrum

*Not discussed in this talk

Vitagliano, Tamborra, Raffelt
Rev. Mod. Phys. 92, 045006

1012_
Cosmic Neutrino .
: Solar
o Background /
10%1 BBN neutrinos* |
7
104 ” Km?3-scale
- \ // 2 Cherenkov
L Y | :
\m 100 / Diffuse * .‘ experiments
¢ f Supernova -
= 104 . / Neutrinos*
S 107 AN
< oA
& 1084 . \-
1012+ ‘\ ) \
. m Cosmic Cosmogenic
6 A | e . Accelerators
107+ " Underground
e Experiments
10-20 . Ll . ! ! I . |
106 103 100 103 106 10° 1012 1015 1018
Energy [eV]
Riya Shah iPMU 21

NNN 2026 - Seoul - 10/28/26



Cosmic Neutrino Spectrum

E¢ [cm 2 s 1]

*Not discussed in this talk

Vitagliano, Tamborra, Raffelt
Rev. Mod. Phys. 92, 045006

1012 ]
Cosmic Neutrino N solar*
8 Background / orar
10%4 BBN neutrinos* |
D
104 ” Km?3-scale
4 i Cherenkov
100 1\ / Diffuse * o | experiments
f / Supernova
104 - / Neutrinos*
N2
8 o’ A - Radio & other
1079+ ¢ :
\i techniques
10712+ \
3 i Cosmic Cosmogenic
10-16 -\ ' " Accelerators
| g ndergroun
e Experiments
10-20 . Ll | . | . | |
106 103 100 103 106 10° 1012 1015 1018
Energy [eV]

KKKKK

22

NNN 2026 - Seoul - 10/28/26



Cosmic Neutrino Spectrum

E¢ [cm 2 s 1]

*Not discussed in this talk
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Km3-Scale Neutrino
Observatories

OOOOOO
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Existing Water/Ice Cherenkov Observatories (>TeV)
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Digital Optical
Module (DOM)
5,160 DOMs

deployed in the ice

2450 m

86 strings of DOMs,
set 125 meters apart

Antarctic bedrock

Amundsen-Scott So
Pole Station, A

A National Science Foul
managed research facilitf

60 DOMs
on each
string

BAIKAL-GVD

Ostankino
Tower
540 m

[ X

(o
0P APAEOGOEOGOGOGeE

(=

(@

2016

2017
2018
2019
2020
2021
2022
2023
2024
2025
2026

Experimental
cluster

Laser-equipped
strings

DOMs @
N

Cherenkov Radiation

KAVLI

Riya Shah §

25

NNN 2026 - Seoul - 10/28/26



[ceCube Event Topologies

> Median angular
resolution ~0.5° y
> Vertex can be outside K
detector
Tracks '< > Difficult to estimate N
energy

> Categorized into
through-going, starting,
\__ and stopping

N/

Eérly | Late

......
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[ceCube Event Topologies

Tracks <<

>

Cascades <

N—
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Median angular
resolution ~0.5°

> Vertex can be outside

detector

> Difficult to estimate

energy

> Categorized into
through-going, starting,

and stopping

> Median angular
resolution ~8° atE >

100 TeV

>> Vertex in or near

detector

> Better energy

resolution

Y

N
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First Evidence of Astrophysical Neutrinos!

s IceCube announced first
observation of high-energy
astrophysical neutrino flux in
2013 (>40)

> Nobel Prize awarded to

IceCube’s Francis Halzen in
2026!

«* Most sources of these neutrinos
are still unknown...

OOOOOO
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Astrophysical Neutrino Spectrum ( TeV - PeV)
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Astrophysical Neutrino Spectrum ( TeV - PeV)

%*  Recent evidence by IceCube
shows that v spectrum likely

follows a broken-power law
(BPL)
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Good agreement w/ charged
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Astrophysical Neutrino Spectrum ( TeV - PeV)

%*  Recent evidence by IceCube
shows that v spectrum likely

follows a broken-power law
(BPL)

% Good agreement w/ charged
m-decay & disfavors pure

neutron } decay at 4¢
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Highest energy neutrino ever reported...

< Detected Feb. 13, 2023
in ARCA detector
> Only ~10% planned
lines installed and
operating at time of
detection

% Ev=220%308 PeV

The KM3NeT Collaboration Nature 638, 376—382
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Highest energy neutrino ever reported...

% No clear origin
> No GRBs, supernovae, or TDEs have been
identified in 99% confidence region

> 12 nearby blazars but no temporal association

% IceCube follow-up
> All follow-up results consistent with
background expectations

% Many hypotheses have been suggested
> Cosmogenic neutrino

Primordial Black Hole

Beyond the standard model

>
>
> _..and more!

Declination

IceCube Collaboration
arXiv: 2609.10931

KM3NeT Localization

with lceCube Follow-up Results

91.10°

Right Ascension

KKKKK
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https://arxiv.org/pdf/2502.08484

Recent High-Energy Neutrino Source Search Results

% Active Galactic Nuclei (AGN)

> Blazars

> Seyferts Steady
> X-Ray Bright Sources

X/
L X4

Supernova Remnants (SNRs) &
Supernovae

% Gamma-ray Bursts (GRBs)

N\

_ Time-Variable
% Galactic plane
Sources

OOOOOO
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Recent Steady Source Search Results '~ ".

_ Identification of known
Up-going v. Events (Tracks) seyfert galaxy NGC
1068 as likely neutrino

source!
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* Galaxy Image Credit: NASA
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Recent Steady Source Search Results '~ 'h

Murase et al v, + 7, [l IceCube v, + 7, 13 :
R ' Identification of known
oo MGG seyfert galaxy NGC
1068 as likely neutrino
v spectrum | source!
— o _ !
— 107 1 Y rays ¥
n o 0O
. o & Global Significance: 4.00
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|
S
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Energy [GeV]
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* Galaxy Image Credit: NASA
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Recent Steady Source Search Results

Global Significance: 2.5¢

Global Significance: 2.9¢

Study of X-Ray
bright seyferts
using up-going vu

(track) events

x  bestfit o CGCG 420-015 builds on NGC 1068
- NGC 4151
] 7
resut
45 A 40.001 ot B IceCube Collaboration
=5 ApJ 988 (2025) 141
_%0 10-3 2 39.751 ——— 5,: = ( )
540 & g 39.50 48
A | G o
10-5 23925 33
4 |
3.5 39.001 —_— 2
. : : : 107 38.751 1
74.0 735 73.0 725 38.501 . "
RA [deg] 1835 1830 1825 1820
R.A. [deg]
* Galaxy Image Credit: NASA
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Recent Steady Source Search Results

% 2023: Observation of v from the Galactic Plane using
10 years of cascade data!
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Recent Steady Source Search Results

%  2023: Observation of v from the Galactic Plane using
10 years of cascade data!

y Optical

Latitude [b]
o

- — -

v Obsarveds— —
<&
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[o]

Latitude [b]
o

Significance

ko v I
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=
o
o
o
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n

Galactic Longitude [/]

Galactic Plane Global Significance: 4.5¢

% Recent update:
Addition of 2 more years of data resulted in Local Significance ~ 5.7¢
o Expected growth due to steady neutrino emission
o First confirmed high-energy astrophysical neutrino source!

OOOOOO
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Recent Steady Source Search Results

[ IceCube 68%, 95% E, Range — KRA?in E—3 GALPROP
——— CRINGE fiducial ——- KRAM rs of Can start to make
f: 13 ,o IceCube Preliminary _ measurements of
- <5, Galactic Ridge Il <30°, Ibl <8° - _
B /¢  Segment signal strength 3.356 different parts of the
| _ .
£ I ] Galactic Plane!
| %
b 10—10 =
3 i e.g. how steeply the
% _ neutrino flux falls
10711 . with energy at the
in Local sy
Ll 1 Lol

inner part of the GP

100 10 102 0 emissi

E, /TeV

cal neutrino source!

Riya Shah iPMU 40 NNN 2026 - Seoul - 10/28/26




Recent Time-Variable Search Results T,

R v 1 3
.,:32 564_.“ :
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IceCube Collaboration
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|_optical position

Blazar TXS 0506+056

% High energy neutrino
event in 2017 coincident
with TXS flare (30)
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Recent Time-Variable Search Results

= == optical position
Blazar TXS 0506+056
= 604 % High energy neutrino
E event in 2017 coincident
g .. with TXS flare (30)
g S L % Archival neutrino flare also
— lceCube (50%) | =
ol e o |; f ML i found at 30
- MAGIC (95%) | /. =) ';z PKSOSOZ+049
Fermi (95%) - = RTINS
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Newest IceCube analyses have started
combining all-flavor CC and NC neutrino events

The simultaneous fit of all-flavor CC and NC
neutrino events improves sensitivity for
source searches
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Why this works:
Predominant Background

® (osmic rays interact with the atmosphere
1
:'f!fn.

o Produces atmospheric u (tracks) it

g

o Produces atmospheric v
k d !-.:!:.;. S EE adAis
(tracks or cascades) '-’-'i-2;‘..!; 'Eim b
i !Hi'_ { °':. ! B

Atm. u: ~ 10" per year

Atm. v: ~ 10° per year

Astro. v: ~100 per year

/

(6 <-5%)
Southern Sky

Northern Sky
(6>-5%)

Equatorial Coc_>_rd_':_ 5: -_? _

T Zenith = 85°

Norfh Pole

0 : Equatorial Declination

......
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Why this works:
Predominant Background

® (osmic rays interact with the atmosphere
1
:'f!f,m

o Produces atmospheric u (tracks) it

o i,

o Produces atmospheric v

!-.:!:.;. iy AAR A 2 .
(tracks or cascades) . "‘j’.";i}!l '33m i
AL I | Ly A

0

e Earth absorbs almost all background u
from Northern SKky (zenith > 85°)

(6 <-5%)
Southern Sky

Northern Sky
(6>-5%)

Equator'\al Coc_>£d_:_ 5: -_? _

T L Zenith = 85°

Norfh Pole

0 : Equatorial Declination

......
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Why this works:
Predominant Background

® (osmic rays interact with the atmosphere
1
:'f!fn.

o Produces atmospheric u (tracks) it

g

o Produces atmospheric v

!-.:!:.;. iy AAR A 2 .
(tracks or cascades) . ""”."?i}!l 'Eim i
AL I | Ly A

0

e Earth absorbs almost all background u
from Northern SKky (zenith > 85°)

e Southern SKky (zenith < 85°) is filled with
background y (no Earth filter)

(6 <-5%)
Southern Sky

Northern Sky
(6>-5%)

Equatorial Coc_>_rd_':_ 5: -_? _
== T T Zenith=85°

Norfh Pole

0 : Equatorial Declination

......
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Why this works:

Predominant Background ©==)

Southern Sky _ 5
Equatoria\ Coord: 6 = -

e (Cosmic rays interact with the atmosphere Northern Sky %:: » Zenith = 85°

How does our background affect
track-based and cascade-based datasets?

JVRVIVIWE AV VLYY Uy |4vliiuurn mou v .‘0\07 North Pole
e Southern SKky (zenith < 85°) is filled with
background y (no Earth filter)
0 : Equatorial Declination
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Background Effects on Datasets u
Track-Based

Better sensitivity
- dN/dE at 100TeV [TeV cm~2 s71]

f.
¢ g . Southern Sky background u
HE 8°8§ L ¢ require harsh low-energy cuts
! -o.l;ﬁ_; é ; ‘ on Southern Sky track events
i
; H E g: ¢ \/ 10-13 \ ! ! 'U>
8 'k‘. -1.0 -0.5 0.0 0.5 1.0 ;
e o if‘ sin(6) ©
ERR R <South | | North >
° N
S
a

uone.ioqe||o) agnoHaI|
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Background Effects on Datasets u
Track-Based

Better sensitivity
- dN/dE at 100TeV [TeV cm~2 s71]

f.
¢ g . Southern Sky background u
HE 9°8§ L ¢ require harsh low-energy cuts
i :o-'_"ﬁ_: é . : on Southern Sky track events
4 5
g LY -13
‘ ték-‘:” \/ 1 -1.0 0.5 .o.'o 05 1.0
ERESE: I < south R T

107"

7]
>0
T c
<o
Qo
o O
B2
~9
o o
a1 0
o9
22
o
=]

rth >
|/
10-12 M/f/

Since 1 do not appear as
cascades, no low-energy cuts
necessary in Southern Sky

Better sensitivity
- dN/dE at 100TeV [TeV cm~2 s71]

10743 T T
-1.0 -0.5 0.0 0.5 1.0

M
QO
wn
@)
QL
Q.
T
e h——
m .
(D :
Q.
EZ

sin(6)
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Background Effects on Datasets
Track-Based g /’\\

Northern Sky Southern Sky 25
Sensitivity Sensitivity N::
4 Tracks > Cascades Tracks < Cascades o

dN/dE at

E2-

Cascade-Based
sin(6)
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Simultaneous Fit: Sensitivity Improvement

N dN/dE « E~2
10~
] J
——— Tracks
7 Cascades
wn
9
£
= O —
. > 2
= 2s
cl > 8«:
() ()
& S 107124 2o
|l © i 86
o < o o
5 o 3
m| © =2
I ~ 0o
"E =]
7
o
~
\/
10-13 T T T
-1.0 -0.5 0.0 0.5 1.0

< South  |sin(6)[  North >
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Simultaneous Fit: Sensitivity Improvement

dN/dE « E~2

— 1071 -

——  Tracks
Cascades

% Results in best all-sky
sensitivity

=  (Combined

% Improvement in south

over both single-signature 7

datasets

Better sensitivity
dN/dE at 100TeV [TeV cm~2 s71]

3
> 0
T c
=3
Qo
o O
—~ 9
S5
o o
a0
-
=
o
=

EZ.

<

10-13 T T T
-1.0 -0.5 0.0 0.5 1.0

< South |sin(6)[  North >
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Simultaneous Fit: All-Sky Map

(RA: 338°, . )
Dec: 17.6%) Right Ascension a

+50- +75

___Equatorial Coord.

Cascades
Declination 6

7
o,
S5
o
e
So
o ®
=0
N
g2
o
O
o8
Q&
® o
= 3
w
-y
w

(RA: 248°, [ ee—
Dec: -50.9°) 0.0 1.5 3.0 4.5
Pre-trial significance / o
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Simultaneous Fit: All-Sky Map

(RA: 338°,

Dec: 17.6%) Right Ascension a

+75°

+60° ___Equatorial Coord.

Cascades
Declination 6

uoneloge||0) aqnHa)

(2]
o
o
=)
o
o
w
©
=)
~
o
N
Y
&
-
w
@
&
0
-
w
A
(A

(RA: 248°, | — |
Dec: -50.9°) 0.0 1.5 3.0 4.5
Pre-trial significance / o

Right Ascension a
+60° T2

Equatorial Coord.

Tracks
Declination 6

L1 (5202) 566 rdy
uoljeloqge||o) agnHa9|

_ (RA: 1120,
Dec: -57.4°)

0.0 1.5 3.0 4.5
Pre-trial significance / o
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Simultaneous Fit: All-Sky Map

(RA: 338°,

Dec: 17.6%) Right Ascension a

+75°

+60° Equatorial Coord.

Right Ascension a
+75°

+30\

—+
—_
(9]

24h Equatorial Coord.

Cascades
Declination 6
|

7
o,
S5
o
=
So
o ®
=0
N
g2
o
=8
-
w"
Q2
® o
= 3
@
-y
w

(RA: 248°, | — |
Dec: -50.9°) 0.0 1.5 3.0 4.5
Pre-trial significance / o

>
°
[
©
©
3]
—
N
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N
a
=
—
—

Right Ascension a

uoneloge||09 aqnoHa|

Declination 6
N
o~
=

+60° +7§° Equatorial Coord.
+45° = ‘ 3
0 7 GC1068 [P pot
c
) § 157/ o
+ ¢ N
T} S 24h| Jon RS
© = ‘ NS
= [ 52 NGC 1068
2 30 =5 0.0 1.5 3.0 45
= 2% New! ' : : :
=

_ (RA: 1120,
Dec: -57.4°)

Pre-trial significance / o

(RA: 255,
00 15 3.0 45 Dec: -69)

Pre-trial significance / o
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Simultaneous Fit: Galactic Plane

IceCube Collaboration
% Combining event topologies

Right Ascension a
+75°

increases significance (~5.90)

Equatorial Coord.

compared to individual interaction

channels
> Even though GP in tracks channel alone

is not significant (1.7c)

Declination 6
N
D~
=

% Constrains statistical flux errors
better than individual topologies T p—

Pre-trial significance / o
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Future Water-Cherenkov Detectors (>TeV)

Credit: Kilian Holzapfel, P-ONE
9

< P-ONE
>  Uses Canadian deep sea network
>  Km3-scale
> See talk by W. Kang

W IceCube KM3NeT B Baikal-GVD

) 1000 m
+ e
%

1 JRY i
+ i i
3L 3
1SR H i
Bo 18, Tite (BB }
87 1880 B
il :
gt 138 3 8 it 1331 18 i
i
i
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Future Water-Cherenkov Detectors (>TeV)

< P-ONE
>  Uses Canadian deep sea network
>  Km3-scale
> See talk by W. Kang

SURFACE * RADIO * OPTICAL

ﬁlcscuag \ DETECTORS
& GENZ o

= : -

< IceCube-Gen2

>  Increase instrumented volume 8x e s o AU et Seaion, tareics
> Sximprovement in effective area —— m
> 2ximprovement in angular resolution |l
> Seetalk by J. Yanez , : / Tl
= |ceCube-Gen2
10 f = IceCube E Bde_lowvlce
@ :;sz’uul;:-ﬁenl optical Antarctic bedrock ml;%:: :;:z‘:f;ﬂé
8 NGC 1068
c t———IceCube ————»
(1] (1 km)
=N R S o
g’ discovery threshold ’_,f . ce -— IceC(l;bke-(:;enZ B —————
I |
0 5 10 15
Observation time (years)
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Future Water-Cherenkov Detectors (>TeV)

< P-ONE
>  Uses Canadian deep sea network
>  Km3-scale
> See talk by W. Kang

% IceCube-Gen2

> Increase instrumented volume 8x

> 5ximprovement in effective area

> 2ximprovement in angular resolution
> See talk by ]. Yanez

¢ Trident, Neon, HUNT

> (Chinese initiatives
> > Km3-scale

KKKKK
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Future Water-Cherenkov Detectors (>TeV)

*

P-ONE
> Uses Canadian deep sea network
>  Km3-scale
> See talk by W. Kang

< IceCube-Gen2

> Increase instrumented volume 8x

> 5Sximprovement in effective area

> 2ximprovement in angular resolution
> See talk by ]. Yanez

¢ Trident, Neon, HUNT

> (Chinese initiatives
> > Km3-scale

K/
L X4

Hyper-Kamiokande
> Successor to Super-Kamiokande
> Developing high-energy astro program
> See talks by C. Bronner, R. Kralik, & L. Perisse

KKKKK
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Current and Future* Air Shower, Radio, & Balloon

Experiments (>100PeV)

% Pierre Auger Observatory, GRAND*,
BEACON*, Trinity*, TAMBO*

> Earth-skimming v: — air shower
>  See TAMBO talk by ]. Bazo

DEEP VALLEY

BEACON
Schematic

OOOOOO
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Current and Future* Air Shower, Radio, & Balloon
Experiments (>100PeV)

% Pierre Auger Observatory, GRAND*,
BEACON*, Trinity*, TAMBO*

> Earth-skimming v: — air shower
> See TAMBO talk by ]. Bazo “S&R

ARA, ARIANNA*, RNO-G*, IceCube
[ceCube Gen-II*

> Radioinice

X/
£ %4

% PUEO

> Balloon overice
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Summary

> Much work has been done so far to uncover neutrino spectrum
o Flavor studies too!

> Various neutrino sources have been identified 13yrs after the

discovery of high-energy astrophysical neutrinos by IceCube

o Galactic Plane emerges as first high-energy astrophysical

neutrino source over 56!

> 100 PeV neutrino detected by KM3NeT

Steady NGC 1068 (4.00)

Flaring TXS 0506+056 (3.00)

Emerging steady sources CGCG 420-015 & NGC 4151

O O O O

> Exciting prospects with many new detectors in construction!

oooooo
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Supplementary Material
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IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW—Madison

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

|DECUBE

QLLTh FPaLE NEUTRING OESERVATORY

50 m

2450 m

. 86 strmgs of DOMs
set 125 meters apart

P

e

string

DOMs

are 17 {

meters

apart é:l:;
\_/

S
v

Antarctic bedrock

60 DOMs
on each

5,160 Digital Optical Modules

W 86 strings with 60 DOMs each

8 denser strings for particle physics

Surface array for cosmic ray physics

Completed in December 2010

Icecube
DOMs

A\/LI

Riya Shah §
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5,160 Digital Optical Modules

86 strings with 60 DOMs each
] 8 denser strings for particle physics

m— —

‘ Surface array for cosmic ray physics

Completed in December 2010

1

60 DOMs
on each
string

Digital |
Modulé

5160001
deployed in the’?

Antarctic bedrock

AVL\
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[ceCube Event Signatures - Tau Neutrinos

Simulated 10 PeV
Double Bang Event

/‘
> Limited phase
space for
detection

Double

Ban > 5 ~20m o
g < * 1PeV °*

> Hard to
distinguish from
single cascade

~ Early Late
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Recent Point-Source Search Results

Early Starting Tracks Event Sample

> 10yrs of data
c .
9 > Includes only starting tracks
g ) . . .
s = HRE > Higher astrophysical purity through
g § o4l rejection of atmos. pand v
o = L
S 15
go
38
2 < !
0 Equatorial ;f’i & e
°1°a«a§ \
[ 3 2 g
0.5 -10g10(Ppre) 7 R :O.pg:

How can we improve track sensitivity in
the southern hemisphere?
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Recent Point-Source Search Results

(RA: 195.64°,
Dec: 1.79°)

30°
15°
24h
-15°
-30°

(RA: 155.21°,
Dec: -23.97°)

c
=g
E"‘"
R
o N
© ©
= N
ov
o3
P
3?:.
0<
L)

Equatorial

* Both spots consistent with null
hypothesis after corrections

NNN 2026 - Seoul - 10/28/26

OOOOOO

Riya Shah jPMU 70



Recent Point-Source Search Results

Right Ascension a

. +75° . .
S _ 60— s AT el Point-Source Tracks
S = © 4305 A o
¢_-%§ § +15 VA S, LB FaD: > 13yrs of data
Sw @ 24h( - ~Joh > Includes through-going,
82 o —15%\ starting, and stopping tracks
oS 8 - SR
© =
-75°
———— Northern Tracks

0.0 15 3.0 45

Pre-trial significance / o
S © . > 13yrs of data
® % . 500 e g e > Includes through-going, starting,
% S % o B F RN S RN and stopping tracks
Sa 3 A e e S epsss Woa AP E TR >  Reprocessed data to include

o 3 ; L R Ry s S g e s’ 2y PSRN BNy .

82 0° (1R e B i R e b R RO IO updated systematics
3 24h 12h 0 > . )
Q2 Right sgension Improved direction & energy
2< T reconstruction

0 2 4 6

- 10glO (plocal)

Riya Shah iPMU 71 NNN 2026 - Seoul - 10/28/26



IceCube Follow-Up of the KM3NeT EHE Event

1. Non-GFU (Gamma-ray follow-up) Detection of KM3-230213A
2. Time-dependent and time-integrated search for neutrinos
3. Flare search for neutrinos

time-dependent
search
I

flare search

103 sec

10° sec
107 sec

.< / X’_’_ \\ < g >.

KM3NeT Detection Time

s

3

®

i

=

-+

@
la

q

o

-+

@

o

»

@

©

1

o

=

~

~
~
N\
7
7

”/
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IceCube Follow-Up of the KM3NeT EHE Event

1 99% Contour
— o o L e S S, B
8  Source Candidates <77 68% Contour
-4.8
-5.8°
-5.8°1 -
g 6.8 s, A
® =)
-6.8 2 °
o 15 8 "‘5’
% E .E _'7 8 ..................................................................
q —
é -7.8 2 8 \ :
8 1.0 U) Q 8 8 !
A . ch -8.8° -\etE ] i, R . |
-8.8 S T e g 7 s
lceCube Preliminary, & ‘
-9.80 | | \\v\vh\” ol v”)r//‘, n | 05 Q. _9.89 OO0 OO, .|| \\\~\X_J___—m§NeTI‘ ¥
\ -IIH‘/ _
-10.8° | _ N~ T , Equatorlal | 0.0 210,80 | o —
97.50° 94.30° ' l 9'1.10" 97.50° 94.30° 91.10°
Right Ascension Right Ascension
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